We compared the modes of interaction between protein-peptide interfaces and those observed within monomeric proteins and found surprisingly few differences. Over 65% of 731 protein-peptide interfaces could be reconstructed within 1 Å RMSD using solely fragment interactions occurring in monomeric proteins. Interestingly, more than 80% of interacting fragments used in reconstructing a protein-peptide binding site were obtained from monomeric proteins of an entirely different structural classification, with an average sequence identity below 15%. Nevertheless, geometric properties perfectly match the interaction patterns observed within monomeric proteins. We show the usefulness of our approach by redesigning the interaction scaffold of nine protein-peptide complexes, for which five of the peptides can be modeled within 1 Å RMSD of the original peptide position. These data suggest that the wealth of structural data on monomeric proteins could be harvested to model protein-peptide interactions and, more importantly, that sequence homology is no prerequisite.
INTRODUCTION
Recently, Russell and co-workers estimated that 15%-40% of all interactions in the cell are mediated through protein-peptide interactions (Neduva et al., 2005; Petsalaki and Russell, 2008) , meaning that, at the most extreme, nearly every protein is affected either directly or indirectly by peptide-binding events. Such interactions are commonly mediated by specialized protein domains (Pawson and Scott, 1997) , which are crucially involved in highly diverse biological processes and occur in a myriad of proteins in ever-changing combinations with other functional units. For instance, protein-peptide interactions are of central importance for motif-dependent interactions in cell signaling, such as the binding of tyrosyl-phosphorylated peptides to proteins containing the Src homology domain 2 (SH2) or the phosphotyrosine-binding domain (PTB) (Bradshaw and Waksman, 2002; Yaffe, 2002) . Peptides with certain proline motifs constitutively bind to proteins containing Src homology domain 3 (SH3) at low affinities (Cesareni et al., 2002; Mayer, 2001) . Even though great effort is put in understanding the structural intricacies of protein-peptide interactions, it is currently not possible to blindly predict whether and how a given protein domain can bind a peptide, even given a high-resolution structure of the protein domain in isolation. A commonly used method to identify protein-peptide interactions is homology modeling, which requires at least one known example of a similar structure. A better understanding of the structural rules that govern protein-peptide interactions is thus required to open the way toward identification of protein-peptide binding sites on a given protein structure.
Short-length peptides are usually devoid of stable secondary structure in isolation. Thus, one might argue that peptide binding is equivalent to the folding process, in which the peptide is the last element to be added to the growing structure, albeit not on the same polypeptide chain. This argument is supported by folding experiments with Barnase (Kippen et al., 1994) , for which cleaving the polypeptide chain in two molecules resulted in an association fold similar to that of the monomeric protein. In peptide complementation experiments with chymotrypsin inhibitor 2 (CI2) (Itzhaki et al., 1995) , it was demonstrated that folding does not require the structural building blocks to be part of the same polypeptide chain. This folding analogy suggests that protein-peptide interactions should follow structural patterns similar to those observed in monomeric proteins (Tsai et al., 1998) . In particular cases, such as b strand extension in PDZ domains, the equivalence to monomeric structures is obvious (Remaut and Waksman, 2006) , but for other protein-peptide structures, there is no apparent monomeric counterpart that has a similar arrangement of structural elements on a single chain. Similarities between singular folds and protein interfaces have been observed, and Keskin and colleagues ventured to suggest that evolution reuses patterns of interaction for both folding and association (Tuncbag et al., 2008) . In an earlier study, architectural motifs from protein monomers were shown to recur at protein-protein interfaces, although this similarity is less obvious for structures that fold separately and associate afterward (Tsai et al., 1997) . The protein interface between protein and ligand is richer in hydrophobic residues than the surrounding surface (Ma et al., 2003) , suggesting similarity to the protein core. Cohen et al. (2008) have shown that the chemistry, geometry, and packing density of interactions within protein cores are similar to those at the interface, while backbone interactions are preferred in the core as opposed to side chain interactions in the binding site. By clustering all the protein-protein interfaces available in the Brookhaven Protein Data Bank (PDB), Tuncbag et al. (2008) found that some of the architectures preferred in the interface also exist in single chains. These striking similarities between folding and binding offer opportunities for protein-protein interface design, as recently demonstrated by Potapov et al. (2008) , who redesigned and experimentally verified the interface of TEM1 b-lactamase and its inhibitor protein by using a combination of naturally occurring interaction templates from the PDB.
Part of the problem in identifying structural similarities between structural motifs that occur in protein-peptide interaction and in monomeric proteins is the apparent complexity of such interactions when viewed in all their atomic detail. Alternatively, it is often relatively simple to divide a protein structure in a small number of interacting fragments, roughly determined by the elements of secondary structure. Therefore, instead of considering entire protein-peptide interfaces, we divide the structure into pairs of interacting protein fragments and, as such, rely on the modularity of the binding site shown for protein-protein complexes (Reichmann et al., 2005) . It has been demonstrated that protein fragments of variable length allow for efficient reconstruction of the architecture of monomeric proteins (Baeten et al., 2008; Kolodny and Levitt, 2003 ). Yet, it remains to be shown whether combinations of fragments of monomeric proteins are able to reflect the complex architectures exhibited by the binding interfaces of protein-peptide complexes. In this work, we perform an exhaustive study of all natural protein-peptide interfaces available in the PDB (731 cases, see Experimental Procedures) and relate the architecture of the protein-peptide interface to the arrangement of interacting fragments observed within monomeric proteins. Our set of building blocks includes all the recurrent fragments of five amino acids that are found in the WHAT IF dataset of 1259 structurally nonredundant high-resolution protein structures (Vriend, 1990) . The fragments are clustered into an alphabet of roughly 2000 elements and are publicly available in the BriX database (Baeten et al., 2008) . We show here that more than 65% of proteinpeptide interfaces can be reconstructed from pairs of interacting fragments of five amino acids taken from monomeric structures within 1Å root mean square deviation (RMSD). In 25% of the cases, the entire arrangement of structural elements as it occurs in the protein-peptide interface can be found in the monomeric fold of a particular PDB structure. Interestingly, on average, less than 15% sequence similarity exists between the structurally equivalent building blocks as they occur in monomeric folds and protein-peptide interfaces. Despite this, the interaction networks of the original protein-peptide interfaces are preserved in the corresponding building blocks from the monomeric proteins. Although more than 90% of the protein-peptide interfaces can be reconstructed at a lower resolution (2 Å RMSD), it is clear that around 35% of protein-peptide interactions are mediated by irregular structure elements that have no equivalent in our database of monomeric structures.
Our work demonstrates that the rules governing proteinpeptide interactions are identical to those steering the architecture of proteins and that this similarity can be revealed by casting the proteins as a collection of recurrent polypeptide fragments that interact in an inter-or intramolecular fashion. An analysis of the known crystal structures of protein-peptide complexes showed that the configuration of fragments corresponding to the interactions between a protein domain and a bound peptide can be found in the structure of a monomeric protein in the vast majority of the cases and that these configurations can be used as design templates for protein-peptide interactions.
RESULTS

Reconstruction of Protein-Peptide Interactions from Interacting Fragment Pairs Derived from Monomeric Proteins
We define the protein-peptide interface as the collection of amino acids belonging to either the protein-or peptidechain whose interatomic distance falls within a given cut-off distance (see Experimental Procedures). Starting from these interface residues, we generate interacting fragments by sliding a window of length 5 over each interface residue (see Experimental Procedures for details). By repeating this procedure for each pair of interfacing residues, the algorithm generates a collection of interacting fragment pairs from the proteinpeptide structure. Next, for each fragment pair in the proteinpeptide interface, the corresponding BriX classes are determined and the database is searched for monomeric protein structures that contain protein backbone arrangements similar to the fragment pair. The overlap between the query fragment pair, taken from the protein-peptide interface, and the database-derived fragment pair, taken from a monomeric protein, is quantified by the RMSD after superposition, using a superposition threshold of 1 Å . The degree of coverage of the binding site is then defined as the number of residues covered by a binary interaction from BriX, divided by the number of residues in the entire binding site. This ''two-body coverage'' is a measure that describes to what extent the binding interface can be reconstructed from interacting fragments found in individual monomeric proteins. Higher coverage indicates an interface that contains a high degree of architectural patterns adopted by monomeric protein structures, whereas lower coverage of the interface implies a peptide binding interface that cannot be related to the intramolecular architecture of monomeric proteins.
Overall, for the 731 protein-peptide interaction interfaces analyzed here, we find that for the majority of the complexes at least 50% of their protein-peptide interface is covered with two-body interactions within a resolution of 1 Å (Figure 1 ). For 40% of the protein-peptide complexes, the coverage rises to more than 75% of the protein-peptide interface. In comparison, we find that 98% of the protein-peptide interface can be rebuilt with single protein fragments from the BriX database within a resolution of 1 Å . Therefore, using protein fragment interactions, instead of single protein fragments, significantly reduces the coverage of the protein-peptide interface. In addition, the extent of coverage achieved by a two-body fragment approach illustrates that the architectural patterns of backbones found in the intramolecular arrangement of monomeric proteins contain a significant amount of structural information that is applicable to protein-peptide interactions. Figure 2 illustrates how different interface topologies, including all-a, mixed a-b and all-b, can be reconstructed by the superposition of two-body fragments from monomeric proteins. The first example is a PDZ domain bound to its ligand as an additional strand to an antiparallel b sheet, tightly covered by intramolecular interactions with an average of 0.49 Å pairwise RMSD. Figure 2B shows an a-helix ligand binding domain with its ligand, for which fragments cover the entire interface with 0.34 Å pairwise RMSD, due to the canonical interaction motifs and the limited structural variation in the single a helices. Figure 2C is a class I major histocompatibility complex (MHC) bound to a decameric peptide, in the peptide-binding groove formed by two a helixes. MHC has been optimized to bind many different peptides with different sequences, but most bind in a similar orientation with both peptide termini bound in conserved pockets, whereas length variations are accommodated by the peptide bulging or zigzagging in the middle (Collins et al., 1994) . Different variations of a helix-loop motif are used for binding, and, surprisingly, those seemingly irregular interaction patterns often recur in monomeric proteins, covering 90% of the entire interface. Figure 2D shows a polyproline peptide bound to a SH3 domain. Our method covers only 54% of the interface because of the low occurrence of the polyproline motif within single chains.
Reconstruction of Complex Peptide Binding Motifs Using Multiple Fragment Pairs Observed in Monomeric Proteins
Can entire binding modes of protein-peptide complexes be reconstructed using parts of single chain folds? Recently, Tuncbag et al. (2008) observed that, for protein-protein complexes, some of the more frequent interface architectures are the same as those for single chains. For protein-peptide complexes, we address this question by combining interaction motifs from the same monomeric protein, describing protein-peptide interfaces as sets of interacting fragments (see Experimental Procedures). Figure 3 depicts six examples of binding interfaces that are described by a combination of two-body interactions originating from a single monomeric protein. The first example shows a PDZ domain with a peptide bound in the canonical b strand extension, from the scaffolding protein human synthenin. An exact match for the entire binding motif is found in a pseudo enzymesubstrate complex from Escherichia coli, exhibiting a rudimentary form of a Rossmann-fold domain unrelated to the PDZ domain fold. In the second example, the human estrogen receptor a-ligand binding domain is bound to a coactivator peptide in the nucleus, in a hydrophobic groove on the surface of the ligand binding domain. The entire interface of 35 residues superposes with an RMSD of 1.94 Å on the unrelated all-a citrate synthase from a different species. Figure 3C shows the particular binding mode of the MHC antigen-recognition domain with a peptide, partly reconstructed from an unrelated ferritin-like protein, superposing 24 residues with an RMSD of 0.94 Å . The ferritin-like fold lacks the b sheet typical for the MHC antigenrecognition domain but is composed of a helix bundle in which the loop regions interact similarly to the peptide bound to MHC. In Figure 3D , a peptide inhibiting the serine-like NS3/4A protease from the hepatitis C virus is bound in an extended backbone conformation, forming an antiparallel b sheet with one b strand of the enzyme. The entire b sheet of 34 consecutive residues is found in murB, a glucosamine reductase involved in cellwall biosynthesis in E. coli, but the ligand strand is now an integral part of the fold. Strikingly, both proteins occur in different structural classifications according to the structural classification of proteins (SCOP): NS3/4A is an all-b protein, whereas murB is a member of the a+b class. In Figure 3E , a tetratricopeptide repeat (TPR) motif from the adaptor protein Hop is shown bound to a heptapeptide from Hsp70. The BriX hit contains exactly this TPR motif in p67, but now the C-terminal of p67 folds back into a hydrophobic groove formed by a TPR domain in a single chain. This has already been observed by Grizot et al. (2001) , relating the single chain to the TPR domain in complex with RacGTP (Lapouge et al., 2000) . The last example shows a SH3 domain complexed with a polyproline peptide. Similar backbone architecture can be observed in an E. coli protein of unknown function, but this time both fragments partly fold as b strands because of the different structural contexts. Yet, the polyproline motifs are present in both the complex and the single-chain protein.
For 25% of the 761 complexes, a similar structural arrangement covering more than 50% of the entire interface could be observed in a single monomeric protein (Figure 1 ). The bulk of the interfaces, however, can be covered for only 25%-50%. This rather low score is significant because, if protein-peptide binding modes could be described using entire single chain folds, we would be able to retrieve them using SCOP (Murzin et al., 1995) . We examined whether there is any correspondence between the SCOP of the protein-peptide complex and the protein from BriX that contains the collection of interacting fragments covering the interface. All four hierarchical SCOP classes-class, fold, superfamily, and family-were compared if SCOP data were available for the protein-peptide complex (see Experimental Procedures). Intriguingly, 74% of the equivalent structural arrangements of fragments are from unrelated SCOP classifications, 23% are related on the class level, and the remaining 3% are distributed across the fold, superfamily, and family levels. These data clearly illustrate that the fragment interaction approach reveals structural similarities that are not apparent from structural classifications.
Statistical Analysis of the Factors that Determine Reconstruction Accuracy
What Is the Impact of Secondary Structure on the Reconstruction Accuracy of Peptide Binding Sites? Secondary structure plays an important role in protein-peptide binding. Approximately one-third of all known peptides bind their protein domain through b strand addition, whereas another third folds as a-helical peptides (Petsalaki and Russell, 2008; Remaut and Waksman, 2006) . In our test set, 38% of the peptides adopt some form of secondary structure, whereas 42% of all binding site residues are of regular secondary structure. As expected, regular interfaces are better covered, with a correlation of 0.88 between the percentage of secondary structure and the coverage ( Figure 4A ). Interestingly however, binding interfaces with 50% regularity are, on average, still 80% covered at a resolution of 1 Å , illustrating that even irregular interfaces are partly reflecting the architecture of intramolecular interactions. Are More Stable Interactions More Common? For every protein-peptide complex, we predicted the change in free energy upon binding (DG) with the empirical force field FoldX (Schymkowitz et al., 2005a, 2005b) . Interestingly, we found a correlation of 0.91 between the binding energies of the complexes and the coverage of the binding sites, suggesting that higher affinity binding correlates with better coverage. This result is not obvious, as FoldX energies do not depend on the size of the binding site. Furthermore, decomposing the energy terms reveals that more backbone H-bonds in the proteinpeptide interface imply a better coverage with BriX fragments, with a correlation of 0.81 ( Figure 4B ). Alternatively, if we correlate the predicted binding DG with the percentage of secondary structure in the binding site, we find that more structured binding sites have slightly better binding (correlation of 0.62), although this is probably caused by the high amount of b strand binding modes in our dataset. Is There Sequence Similarity Between Protein-Peptide Interactions and Two-Body Interactions Found in Individual Proteins? We also examined whether the sequences of the wild-type protein-peptide interfaces are similar to their corresponding fragment covers from BriX, which have a similar backbone but not necessarily the same side chain composition. Therefore, we calculated the number of times a residue from the binding site is covered with exactly the same residue. Surprisingly, we did not find any correlation, with sequence similarities ranging from 0% to only 14%. We repeated the distance measurement between any two residues with the BLOSUM62 matrix, which gives a score for the likelihood of two amino acids replacing each other in homologous sequences (Henikoff and Henikoff, 1992) . A negative BLOSUM score is given to less likely substitutions, whereas a positive score implies a more likely substitution. This yields an average BLOSUM62 score of À0.67, thus reinforcing the idea of sequence independency between fragments from the monomeric proteins and the protein-peptide interface. Furthermore, no correlation exists between coverage and sequence similarity, as shown in Figure 4C . We also looked at charge, hydrophobic properties, and b propensities but found no significant relationship between the BriX covers and the protein-peptide binding sites (see Supplemental Data available online). Our results suggest that the backbone scaffold coverage of a binding site is largely independent from the sequence.
Although we did not observe sequence similarity, we went further and looked at the entire interaction network of the protein-peptide interfaces, compared with their matching fragments from our database. We looked at similarities in H-bond patterns, electrostatics, and volumetric properties and found that 88% of the electrostatic network, 95% of the H-bond patterns, and 91% of the volumetric network of the original protein-peptide interfaces are retained in the BriX covers. Thus, although sequence identity is very low, geometric properties are retained, making the use of fragments an alternative method for homology modeling to do protein-peptide interface design. Hereafter, we demonstrate the practical use of our method.
Reconstructing Protein-Peptide Interfaces Using Monomeric Interactions
We researched whether interactions observed within our set of monomeric proteins contain the predictive capacity to be used in reconstructing the protein-peptide interface. For nine protein-peptide complexes (the centroids of the top nine clusters, accounting for 51% of the protein-peptide data set), we rebuilt the interfaces using the original sequence and structure of the peptide in the binding pocket, but without previous knowledge of the interaction pattern of the protein-peptide complex. The side chains of the interface residues are rebuilt with the all-atom force field FoldX and are ranked by the binding energy (see Experimental Procedures).
In four of the nine cases, we are able to position the original peptide ligand within 1 Å RMSD of the original position (see Table  1 ). For example, the peptide bound to the PDZ domain can be positioned within 0.29 Å RMSD of the original peptide, using the b-b interaction pattern observed in an unrelated secretion chaperone (see Figure 5) . For the MHC, the algorithm finds the correct peptide position within 0.99 Å RMSD using a two-body a-loop interaction of an unrelated BriX protein (PDB ID 1ajsA).
In another four cases, the ligand was placed correctly within 2 Å , and for the remaining case, the algorithm was not able to filter out the correct positions of the ligands, because of the lack of interaction motifs that superpose sufficiently close to the receptor fragments. All results are listed in Table 1 .
Our results illustrate the applicability of the method to design protein-peptide interaction scaffolds. To improve the stability and affinity of the peptide interface design, however, sequence The coverage data of 301 complexes is equally distributed in 20 bins and plotted against (A) secondary structure distribution (a helix and b strand) in the binding site (0.88 correlation), (B) interface H bonds (DG) with FoldX (0.81 correlation), and (C) BLOSUM62 score for similarity between residues from the protein peptide complex and the covering BriX fragment (no correlation). In (D), the correlation between the secondary structure of the interface is plotted against the predicted binding energy DG (0.62 correlation). optimization in combination with side chain placement will need to complement the design of the backbone scaffolds. We suggest that, by using more data on monomeric interactions, an enhanced reconstruction algorithm using n-body interactions and a better combination of scoring functions might provide better results.
DISCUSSION
We have researched whether interactions seen in proteinpeptide complexes are different from those observed within monomeric proteins. Our study was motivated by the sheer abundance of monomeric protein structures compared to the lack of complex structures. We analyzed all 301 nonredundant protein-peptide interactions available in the PDB. In this set, our reconstruction method shows an overall reconstruction of 91% of the binding site in 41% of the cases, 62% of the binding site in 25% of the cases, and less than 19% of the binding site for the remaining 34% of the cases. In general, the reconstruction accuracy depends on the regularity of the structure related to secondary structure and H-bond patterns, but irregular structures are still covered to a good extent. Importantly, the reconstruction accuracy does not depend on side chain similarity but clearly reflects general architectural rules of polypeptides. We have shown the applicability of the method by in silico reconstruction of the protein-peptide interface in five cases, positioning the peptide within 1 Å RMSD of the original peptide in the binding site.
The use of protein fragments to model protein-peptide interfaces opens up the way to incorporate the wealth of data on monomeric protein structures for protein-peptide binding prediction and design. We demonstrated that most interactions can be viewed as sets of pairwise interactions between protein fragments, identical to interactions in monomeric proteins. Not only have we shown that using fragments is an efficient way to look at interfaces, we have also reached a level of detail in studying protein interactions that cannot be reached using fold comparison through SCOP or other protein classifications. We strictly limited ourselves to superpositions of maximum 1 Å RMSD, yet we did not observe any sequence relation between the protein-peptide interfaces and the BriX proteins, suggesting that the arrangement of the backbone is largely independent from the side chain in the complex. The interaction networks, however, were preserved between intra-and intermolecular interactions. Through recombination of pairwise fragment interactions, we could reconstruct entire binding sites in some cases, revealing identical binding patterns between protein-peptide interfaces and parts of single chain folds. We went further by reconstructing eight out of nine binding sites, correctly placing the ligand within 2 Å RMSD of its original position, without previous knowledge of the protein-peptide interaction. Although most binding interfaces with regular structure can be covered, we note that loop interactions are often not or only partly covered because of the huge amount of different loop interactions.
Further work with a specialized loop database involving more protein data is ongoing.
EXPERIMENTAL PROCEDURES
Construction of a Nonredundant Dataset of Protein-Peptide Complexes
We filtered the PDB (Kouranov et al., 2006) for protein peptide complexes requiring (1) X Ray structures with a resolution lower than 2.5 Å , (2) peptides with a size of 5 14 amino acids, (3) peptides containing natural amino acids only, and (4) receptors with a minimum size of 25 amino acids. Seven hundred thirty one complexes were retained and clustered on their binding architecture using an adaptation of the Hierarchical Agglomeration algorithm used for con structing BriX (Baeten et al., 2008) . RMSD between any two complexes super posed on backbone Ca atoms has been computed using MUSTANG to allow for structural alignment of unrelated protein structures (Konagurthu et al., 2006) . Any two structures are grouped together if they superpose below 2 Å RMSD for at least 75% of their interfaces. In this way, we retained 258 unique protein peptide interface clusters. The centroid of each cluster was selected for the dataset, whereas for clusters with more than 10 elements, we selected 5 representative interfaces. The final dataset contains 301 representative protein peptide interfaces (see Supplemental Data). The interface size of the protein peptide complexes varies between 3 and 55 residues, with an average of 21 residues in the binding site. Seventy percent of all protein peptide complexes have been annotated with SCOP (Murzin et al., 1995) . Table 1 shows the coverage results for the top 9 clusters in the dataset.
The Dataset of Protein Fragments
BriX is a database of canonical protein fragments obtained through fragment ing and clustering a set of 1261 high quality protein structures (Baeten et al., 2008) . Protein structures have been reconstructed using BriX fragments with an average accuracy of 0.48 Å RMSD, covering 99% of the original structure. The resulting alphabet of protein fragments varies in length from 4 to 14 amino acids, but in this study we have limited ourselves to fragments of length 5. Because 94% of all fragments of length 5 are clustered, most of the available protein data are covered. In particular, 258,474 fragments were clustered into 7744 structural classes for six different RMSD thresholds, to allow different levels of structural variety. Fragment recombination used to obtain ''n body'' interactions in the covering algorithm gradually increases the frag ment lengths.
Covering Algorithm
The covering algorithm harvests the wealth of data provided in the BriX data base to reconstruct protein peptide interfaces. Instead of considering single protein fragments, the backbone arrangements of the interactions between fragments are the basis for reconstruction. The covering algorithm searches for similar backbone arrangements between the entire BriX dataset and the protein peptide interfaces. In the first step, binding site residues are defined by measuring the distances between any two residues from different polypep tide chains, one from the receptor protein and the other from the ligand peptide. If the distance is less than the sum of their Van der Waals radii plus 0.5 Å , they are considered as interacting and included in the binding site (Ke skin et al., 2008). Fragments were constructed from interacting residues by sliding a window of five residues over the structure from the N to C terminal. The window starts four residues before the first interacting residue and ends four residues after the last interacting residue, such that nearby residues of the binding site are used to facilitate the interaction search. In a second step, the binding site fragments are covered with fragments from the BriX frag ment database. Every fragment is compared with all the class centroids of BriX, using a superposition threshold of 1 Å . The four backbone atoms N, C a , C, and O are used in the superposition, such that the directions of the orig inal side chains are preserved in the covering fragments. Structural variation within the classes is tolerated up to 0.9 Å distance from the class centroid. We applied a lower threshold for highly redundant classes, such as all a classes, and raised the threshold for classes with few structural elements.
To use all data available in BriX, all the fragments from the selected classes are loaded on the binding site fragments. In a third step, the algorithm looks for architectural matches between fragments pairs from BriX and fragment pairs from the protein peptide binding site. Fragment pairs are created every time with one fragment from the receptor and another from the ligand. They are subsequently filtered on (1) fragments coming from the same BriX protein, (2) distance retaining intramolecular interactions only, and (3) superposition on the BriX pair using a threshold of 1 Å for tight matches. Applying this procedure to the entire binding site results in a set of fragment pairs from BriX (''two body'' interactions) that cover the binding site of the protein peptide complex. In a final step, two body interactions from the same BriX protein are combined into n body interactions with a superposition threshold of 2 Å , thus covering a larger part of the binding site with a single monomeric fold.
Reconstruction Algorithm
The protein peptide interface reconstruction algorithm is very similar to the covering algorithm but does not use the original orientation of the protein peptide complex. The algorithm looks for interacting pairs from BriX that map on the fragments from the interface and uses those pairs to construct the position of the peptide ligand inside the binding pocket. The original peptide sequence and structure and the residues in the binding pocket are used. The resulting designs are filtered on backbone clashes using a Len nard Jones potential. The side chains in the interface of the top 1000 designs are rebuilt using the all atom force field FoldX (Schymkowitz et al., 2005a) and are ranked by the binding energy. The RMSD on the backbone atoms N, Ca, C, and O between the real peptide ligand and the docked ligand is calculated for the top 10 binders according to FoldX, and is used to rate the quality of the reconstruction.
Statistical Analysis
Seven hundred thirty one protein peptide complexes were clustered in 258 distinct protein peptide interface classes. Statistics were performed by distributing the data for the 258 protein peptide classes in 20 bins, averaging the results in a single bin. Through this approach, only general trends are observed within the data as details are leveled out. For classes with more than 10 elements, we took 5 representative elements and averaged the statis tics per class. The FoldX software (Schymkowitz et al., 2005a ) was used to compute binding energies after local optimization of the side chains and to measure the side chain burial of the residues in both the protein peptide dataset and the BriX database. All protein graphics in this article were generated with the YASARA software package (Krieger et al., 2002) and PovRay (www. povray.org).
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